Abstract: Korea's national carbon capture and storage (CCS) master plan aims to commercialize CCS projects by 2030. Furthermore, the Korean government is forced to reduce emissions from various sectors, including industries and power generation, by 219 million tons by 2030. This study analyzes a few scenarios of Korean CCS projects with a CO 2 pipeline transportation network optimization model for minimizing the total facility cost and pipeline cost. Our scenarios are based on the "2030 basic roadmap for reducing greenhouse gases" established by the government. The results for each scenario demonstrate that the effective design and implementation of CO 2 pipeline network enables the lowering of CO 2 units cost. These suggest that CO 2 transportation networks, which connect the capture and sequestration parts, will be more important in the future and can be used to substitute and supplement the emission reduction target in case the execution of other reduction options faces uncertainty. Our mathematical model and scenario designs will be helpful for various countries which plan to introduce CCS technology.
Introduction
Carbon capture and storage (CCS) has attracted considerable attention as an effective technology for reducing greenhouse gas (GHG) emissions in response to climate change concerns. The International Energy Agency (IEA) has estimated that CCS has the potential to reduce CO 2 emissions by up to 19% by 2050. Since 1996, CCS technology has been actively applied and developed for oil and natural gas development projects in the United States, Canada, and the European Union (EU). CO 2 underground storage is the most scientifically or technologically effective method for eliminating CO 2 from the atmosphere. Moreover, it is regarded as the best approach in economic or industrial terms. Hence, developed countries, such as the United States, Australia, Japan, and several EU countries, have focused on promoting the commercialization of CCS as a next-generation technology to boost growth. The total annual global investment in CCS technology is around $1 billion, and it is expected to increase significantly by 2020. Thus, governments and private companies in technically advanced countries are jointly promoting CCS technology [1] .
South Korea is attempting to develop several types of effective methods for reducing GHG emissions in response to climate change concerns. In December 2016, a detailed plan was presented for reducing the forecasted emissions by 37% (851 million tons) by 2030, following the announcement of the basic plan for climate change response. The main reduction policies include supplying renewable energy, expanding clean fuel generation, improving energy efficiency, implementing emissions trading,
Mathematical Model
A mathematical approach is proposed for the design of a CO 2 pipeline transportation network for large-scale CCS projects. This study focuses on designing CO 2 pipeline transportation networks by inserting intermediate storage sites that connect CO 2 -emission plants and sequestration sites. In addition, emitted CO 2 can be transported from one emission plant to another or from one intermediate storage site to another. Thus, several nodes can share a single pipeline to transport CO 2 . The pipeline transportation cost is determined by the pipeline diameter and length, as the maximum transport flow per unit time fluctuates with these parameters. The pipeline transport mode is different from the general transport mode. Basically, the transportation cost is directly proportional to the distance and the vehicle size is directly proportional to the transportation volume. A mixed integer linear programming (MILP) model was formulated to solve the proposed problem.
In general, a network with an existing degree of flow (such as commodities or information) can be designed in the origination-to-destination mode, as shown in Figure 1 . Several sub-points should be taken into account: (1) 
Assumptions
For the purposes of this study, it was assumed that (1) the sequestration site is located offshore and the injection capacity is unlimited; (2) each CO2 emission plant has the ability to capture and store CO2; (3) candidate intermediate storage sites are obtained by a heuristic algorithm in advance [20] ; and (4) pipeline transport is the only transport mode.
The problem statement addressed in this study is as follows:
• The entire CCS system is assumed to consist of several fixed CO2-emission sources, undetermined intermediate storage sites, and candidate offshore sequestration sites for a long time period.
•
The objective of the proposed problem is to minimize the total cost of CCS projects over the entire operating time. One of the most critical costs is the pipeline transportation cost, including the pipeline capital cost and pipeline operating cost. The pipeline cost functions are cited from National Energy Technology Laboratory (NETL) studies [21] . • Net present value (NPV) calculation of the pipeline cost is used, and its ratio is set at 6% to reflect the case more realistically.
Model Description
Objective Function
The mathematical model aims to minimize the total relevant costs of the CCS project (Equation (1)), which can be categorized as follows: capital cost of building CO2 capture facility (Equation (2)) and infrastructure and operating expenses of CO2 pipeline (Equation (3)). Several types of constraints are involved in this model.
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Equations (4)- (12) represent the pipeline infrastructure costs, which are determined by the diameter and length of the pipeline installed between two nodes.
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Equation (13) represents total operating costs of the pipeline and Equation (14) shows the detailed calculation of the operating cost of a pipeline connected between two nodes (CO 2 emission sources, intermediate storage sites, and sequestration sites).
Constraint (15) indicates the maximum amount of transported CO 2 for a certain pipeline diameter per unit time, expressed in tons per hour.
Constraint (16) indicates the expanded pipeline capacity of each link in time period t, and the actual pipeline capacity of each arc can be obtained by Constraint (17) .
Constraints (18) and (19) ensure that the flow rate of the transported CO 2 does not exceed the maximum tolerance of the existing pipeline capacity.
Constraints (20)- (22) represent the mass flow balance equations of the proposed model. The incoming flow should be equal to the outgoing flow at each node as well as in each stage.
Constraints (23) and (24) represent the limit of the captured CO 2 volume. The captured volume should be less than the emission volume but greater than the target volume. 
Constraint (25) indicates that CO 2 transportation should not occur at the same node. Constraint (26) determines whether a pipeline will be constructed. Finally, Constraint (27) is a non-negativity constraint.
ZD t ii dp , ZD t ijdp , ZD t jj dp , ZD
Scenario Analysis

Data
The proposed CCS network optimization model is used to analyze the cost-effectiveness of CCS construction on the basis of South Korean CCS projects.
Since South Korea aims to commercialize CCS projects by 2030, this study selected thermal power plants and large-scale factories that would be operated on the basis of the relevant year when considering the candidate sites for emission sources.
With regard to large-scale factories, only the top seven producers of GHG emissions in South Korea were considered in our study. The geographical information and total amount of emissions for the candidate sites are summarized in Table 1 . The total amount of emissions of each candidate power plant was estimated on the basis of the generation capacity, and the industrial company was estimated through linear regression based on the history of emission volumes. On the other hand, information for the intermediate and sequestration sites is required to run the mathematical model. In Yun et al. [20] , a heuristic algorithm was proposed to identify nodes using the central limit theorem. According to this algorithm, the information on the intermediate and sequestration sites is summarized in Table 2 . The list of the pipeline costs according to factors [21] and pipeline lifespan is in Table 3 . The Korean government published the "2030 basic roadmap for reducing greenhouse gases" [22] in 2016 and presented the emission reduction targets for each sector (see Table 4 ). In the conversion sector, it plans to reduce emissions by 35 million tons through a combination of low-carbon power sources, which reduce coal usage, and increased utilization of renewable and clean energy. In addition, it plans to reduce emissions by 12 million tons and 17.5 million tons through demand management and improved power generation and distribution efficiency, respectively. 11.30% --* The total emission reduction (domestic reduction and overseas reduction), i.e., 851 million tons, includes process emissions (around 2 million tons) as well as gas production and fugitive emissions (around 8.4 million tons). BAU levels in the conversion sector are indirectly included in each sector's emissions; hence, they are excluded from the total emission estimates.
In the industrial sector, it aims to reduce emissions by 56.4 million tons, i.e., a reduction of 11.7% compared to the BAU levels. Further, it plans to reduce emissions by 21.3 million tons through the early introduction of energy optimization technologies and the efficient operation of factory energy management systems. Moreover, it plans to reduce emissions by 14.8 million tons through the introduction of innovative technologies and the application of value-added products to energy-consuming industries. In addition, developing eco-friendly processes and employing eco-friendly fuels is expected to reduce emissions by 20.3 million tons. In the building sector, reduced energy consumption and increased use of high-efficiency lighting equipment could reduce emissions by 35.8 million tons. Furthermore, emissions can be reduced by 28.2 million tons by fostering new energy technologies, such as CCS technology, microgrids, and smart factories. In the transportation sector, it plans to reduce emissions by 25.9% by increasing the supply to environmentally friendly communities and strengthening the average fuel efficiency system. It also aims to attain a domestic reduction target of 219 million tons by reducing public waste.
In addition, the government has announced that it plans to reduce emissions by 96 million tons overseas, i.e., a reduction of 11.3% compared to the BAU levels, by 2030, through sustainable development mechanisms and direct carbon emission trading.
Scenario Description
Difficulties are anticipated in implementing the reduction targets set out in the national roadmap. To achieve the reduction targets by 2030, the related technologies should be developed and commercialized. However, specific implementation plans remain ambiguous. This study considers various scenarios in which CCS technology is used to substitute and supplement the emission reduction target for each sector, given the uncertainty in the development and commercialization of the related technology for each reduction target in each sector. It is assumed that the uncertainty rate is 30% of the target. In addition, this study tries to estimate the optimal CCS deployment network and costs in order to meet the reduction target level for each scenario.
The first scenario assumes that the development and commercialization of related technologies will proceed as planned in the implementation of the CO 2 reduction targets, and only CCS technology would be used as presented in the national GHG reduction roadmap. As shown in Table 4 , in terms of nurturing new energy industries, the Korean government aims to achieve a reduction of 10 million tons by 2030, by developing and commercializing CCS technology to reduce CO 2 emissions from power plants and industries. The Korean government is preparing for a preemptive strategy in response to climate change concerns by intensively fostering new energy industries and intensively investing in it. However, many experts point out that the proliferation of microgrids and smart factories, and the utilization of unused heat, which are regarded as means for reducing emissions in the relevant sectors, will face many difficulties in implementing the target reductions by 2030, if the related technology development and improvement is not supported. Considering the uncertainty in implementing CO 2 reductions by fostering new energy industries, a second scenario is recommended, i.e., the use of CCS technology to achieve 30% of the reduction target of 10.7 million tons, through the proliferation of microgrids and smart factories, and the utilization of unused heat.
A realistic way to reduce GHG emissions in the power generation sector is to reduce the generation of coal-fired power itself by increasing nuclear power generation and liquefied natural gas (LNG) power generation, or to reduce GHG emissions from coal-fired power as much as possible. However, there are many indications that the actual reduction is not sufficient owing to the high cost of LNG generation. In the third scenario, CCS technology replaces uncertainties in the implementation of reductions in the power sector. The Korean government also seeks to achieve its GHG emission reduction targets through increased use of eco-friendly vehicles in the transportation sector. However, problems related to the commercialization of related technologies of hybrid vehicles are often encountered, including mileage limitations due to the battery life of electric cars. Even in the case of hydrogen cars, it will be difficult to optimize their penetration rate by 2030, because global automobile companies are presently in the early stages of launching their initial models. Therefore, this paper formulates a fourth scenario to overcome the uncertainty in the implementation of the reduction target by adopting CCS technology.
The Korean government has presented a national roadmap to divide domestic and overseas reductions, and it has proposed a plan to actively use the global carbon award mechanism reduce emissions by 11.3% of the total BAU levels by adopting an emissions trading scheme. However, to ensure smooth implementation, it is necessary to fulfill certain preconditions, such as international agreements on reduction, the expansion of the global emissions trading market, and preparation of financing schemes. Specific plans for reduction are yet to be finalized. Therefore, significant Energies 2017, 10, 1027 12 of 18 difficulties are expected for the achievement of such high targets through overseas reduction activities or the international emissions market. A fifth scenario has been proposed, in which CCS technology is adopted to replace the overseas reduction target partially by considering the uncertainty in the implementation of overseas reductions. Finally, this study assumes the worst-case scenario as the sixth scenario and considers the uncertainty in the implementation of mitigation measures at the same time. In this scenario, it aims to establish an optimal CO 2 transportation network under CCS technology to reduce emissions by a total of 57.72 million tons. In Table 5 , it describes each scenario's content and reduction targets. Table 6 and Figure 2 show the optimal CO 2 transport network with the CO 2 reduction amount and cost results for each scenario with the CCS network optimization model. In scenario (a), to reduce emissions by 10 million tons, i.e., 3.3% of the forecasted CO 2 emission rate in 2030, the best approach is to capture 8.3 million tons and 1.6 million tons of CO 2 from Samcheok power plant (node 20) with 2000 MW generation capacity and Donghae power plant (node 1) with 400 MW generation capacity, then finally transport it to Samcheok Gate (sequestration site 1) through intermediate storage site 5. The total cost is $1.81 billion.
Scenario Results
As scenario (b) aims to capture 13.21 million tons of CO 2 and store it deep in the sea, the most efficient approach is to collect 8. Scenario (c) replaces some of the GHG emission reductions in the power sector with CCS technology. It is necessary to install a CO2 capturing facility at Tongyang Cement & Energy Corp., in addition to considering the Samcheock and Bukpyeong power plants considered in scenario (b). The most economical approach for this scenario is to construct a CCS network by capturing 7 million, 5 million, and 8.4 million tons of CO2 from the three sites, respectively, which is then transport through intermediate storage site 5 and stored at the Samcheok sequestration site, which is located deep in the sea. Toward this end, the total cost of the CCS network is estimated as $3.6441 million (pipeline construction cost, $0.38 million; pipeline operation cost, $0.0699 million; and CO2 capture and storage installation cost, $3.1966 million).
In scenario (d), CCS technology is applied as a complementary measure by considering that CO2-emission reduction through increased use of eco-friendly cars is not implemented smoothly. The required emission reduction target is 14.71 million tons. The optimal CCS operating model collects 14.71 million tons of CO2 from one site, namely Sangyong Cement Industrial Co., Ltd., and follows the same network as that used in the previous scenario to store the CO2 at Samcheok gate. The estimated cost is $2.5255 million.
Scenario (e) aims to reduce emissions by 38.8 million tons by adopting CCS technology, which is expected to partially account for the overseas reduction target of 96 million tons. The optimal network derived from the mathematical model collects the required CO2 volumes from two thermal power plants with 2000 MW generation capacity and two cement companies (Sangyong Cement Industrial Co., Ltd., and Tongyang Cement & Energy Corp.). The total cost for CCS construction and operation and CO2 capture and storage is estimated to be around $7.132 million.
In scenario (f), CCS technology partially replaces the uncertainty in the emission targets for each sector of the national roadmap. A CO2 capture, transport, and storage network is required to reduce emissions by 57.7 million tons. Two networks need to be created to achieve the target reduction in scenario (f), which is different from the other scenarios. Figure 2 shows that one network should reduce emissions by around 32.4 million tons through one 2000 MW generation capacity plant, two cement factories, and one 400 MW capacity thermal power plant, and the other network should collect 25.3 million tons of CO2 from only one thermal power plant with a generation capacity of 2000 MW. The estimated total cost is $11.639 million, of which around 80% is for building CO2 capture and storage facilities. Scenario (c) replaces some of the GHG emission reductions in the power sector with CCS technology. It is necessary to install a CO 2 capturing facility at Tongyang Cement & Energy Corp., in addition to considering the Samcheock and Bukpyeong power plants considered in scenario (b). The most economical approach for this scenario is to construct a CCS network by capturing 7 million, 5 million, and 8.4 million tons of CO 2 from the three sites, respectively, which is then transport through intermediate storage site 5 and stored at the Samcheok sequestration site, which is located deep in the sea. Toward this end, the total cost of the CCS network is estimated as $3.6441 million (pipeline construction cost, $0.38 million; pipeline operation cost, $0.0699 million; and CO 2 capture and storage installation cost, $3.1966 million).
In scenario (d), CCS technology is applied as a complementary measure by considering that CO 2 -emission reduction through increased use of eco-friendly cars is not implemented smoothly. The required emission reduction target is 14.71 million tons. The optimal CCS operating model collects 14.71 million tons of CO 2 from one site, namely Sangyong Cement Industrial Co., Ltd., and follows the same network as that used in the previous scenario to store the CO 2 at Samcheok gate. The estimated cost is $2.5255 million.
Scenario (e) aims to reduce emissions by 38.8 million tons by adopting CCS technology, which is expected to partially account for the overseas reduction target of 96 million tons. The optimal network derived from the mathematical model collects the required CO 2 volumes from two thermal power plants with 2000 MW generation capacity and two cement companies (Sangyong Cement Industrial Co., Ltd. (Donghae, Korea), and Tongyang Cement & Energy Corp. (Samcheok, Korea)). The total cost for CCS construction and operation and CO 2 capture and storage is estimated to be around $7.132 million.
In scenario (f), CCS technology partially replaces the uncertainty in the emission targets for each sector of the national roadmap. A CO 2 capture, transport, and storage network is required to reduce emissions by 57.7 million tons. Two networks need to be created to achieve the target reduction in scenario (f), which is different from the other scenarios. Figure 2 shows that one network should reduce emissions by around 32.4 million tons through one 2000 MW generation capacity plant, two cement factories, and one 400 MW capacity thermal power plant, and the other network should collect 25.3 million tons of CO 2 from only one thermal power plant with a generation capacity of 2000 MW. The estimated total cost is $11.639 million, of which around 80% is for building CO 2 capture and storage facilities.
A comparison of the CO 2 unit cost (pipeline operating cost and capital cost) per scenario shows that the basic scenario (a) has the highest cost, and the reduction targets do not increase linearly with the costs. Thus, the reduction target could be met more efficiently if the reduction targets of the CCS project are considered by the Korean government, in addition to other reduction policies and targets, during the planning and decision-making process.
Discussion and Conclusions
Global modeling efforts by the Intergovernmental Panel on Climate Change (IPCC) and the IEA highlight the importance of CCS in achieving a climate goal of a 2 • C reduction in global temperatures. In response to climate change concerns, CCS is regarded as a key component of GHG reduction solutions. If the objectives of the Paris Agreement are to be achieved, CCS must be integrated into the mainstream of climate mitigation actions to be undertaken by governments and businesses.
This study attempted to design an optimal pipeline transportation network for large-scale CCS projects. The objective of the proposed model is to minimize the total investment cost of CCS projects, including pipeline capital costs, operation costs, and facility costs, by assuming that the maximum flow in the pipeline changes with its length and diameter. In addition, to implement CCS projects in Korea's master plan to tackle climate change, an optimal CCS network was proposed by considering the CO 2 emission sources, candidate sequestration sites, and facility construction and operation cost data. Various scenarios for CCS projects were experimentally configured to realize different effects on CO 2 reduction by analyzing the total investment.
The results of this research are helpful for the Korean government when deciding to utilize the CCS project as a complement to make up the reduction targets of other sectors, which are uncertain.
They will also serve as an important reference not only for planning CCS projects in South Korea, but also for enabling national and international policy makers to determine investment strategies for developing CCS networks for CO 2 reduction.
In the future, the study plans to extend to CCS networks with different transportation modes besides pipelines. In addition, it plans to present a model that is more realistic and suitable for Korea by considering updated national policies and technologies.
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